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EXECUTIVE SUMMARY

A. OBJECTIVE

The overall objective of this effort is to provide information on the

detailed mechanism of fire extinguishment by haloni to guide the search for

alternative firefighting agents. The purT..se of this Phase III study was to

prepare and characterize a small, isolated cluster of Halon 1301 (CF3Br) and

the oxygen-atom flame free radical precursor 02 in a supersonic mdlecular

beam, and to initiate reaction within the cluster by dissociative

photoionization. Examination of the fragments obtained provides iight

into the mechanism of halon action.

B. BACKGROUND

In Phase II of this project, an experimental approach to the study of

the initial fire suppression reactions of halons was verified and

preliminary experiments were conducted. Three experimental methods were

examined: laser Raman spectroscopy, isolation of products on an argon

matrix followed by Fourier transform infrared spectroscooy, and

photoionizacion of molecular clust rs followed by mass spectrometry. It was

determined that photoionization mass spectrometry was the most effective

technique for studying the initial reaction of halons with free radicals.

C. SCOPE

In this phase of the project one system of a halon molecule (Halon

1301, CF3 Br) and a flame free radical piecursor (02) was carefully

studied. Thermodynamic nroperties of the clusters and fragments were

measured. 
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D. METHODOLOGY

Two separate pieces of equipment were used. One was the molecular beam

apparatus at the University of New Mexico and the other was the Brookhaven

National Laboratory molecular beam apparatus used in conjunction with the

vacuum ultraviolet synchrotron ring at the National Synchrotron Light

Source.

E. TEST DESCRIPTION

In both apparatuses, samples from a supersonic molecular beam of

clusters of Halon 1301 and 02 molecules were passed through a photon

ionization source, then into a mass spectrometer. Molecules and ions

resulting from the reactions of CF3Br and 02 were identified by their

characteristic mass spectral patterns.

F. RESULTS

The thermodynamic properties of several halon fragments were measured.

One striking result is that no oxygenated fragments of tl.e halon molecule

were observed.

G. CONCLUSIONS

The lack of oxygenated halon fragments supports the theory that halons

do not extinguish flames by trapping oxygen radicals, The extremely weak

bond in CF3Br+ suggests that Br atoms enter the flames via the ion CF3Br+

and not from CF3Br itself. Some evidence indicates that the CF 3 Portion of

the halon molecule may have a more significant role in flame extinguishment

than previously suspected.
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H. RECOMMENDATIONS

Future work should direct attention to the two other members of the

triad of flame free radicals, H and OH. Therefore, it is recommended that

the dissociative photoionization approach to weakly bound clusters of Halon

1301 and flame free radical precursors be extended to H and OH precursors.

The results of these studies are expected to provide a good picture of the

chemistry of the halon-flame interaction and to give a solid basis for

suggesting alternative agents.
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SECTTON I

INTRODUCTION

A. OBJECTIVE

The purpose of this study was to prepare and characterize a small,

isolated cluster of Halon 1301 (CF3Br) and the O-atom flame free radical

precursor, 02, in a supersonic molecular beam, and to initiate a chemical

reaction within the cluster by dissociative photoionization. The critical

question was whether oxygenated fragments of CF3Br could be found and, if

so. what their thermodynamic (stability) parameters would be. The results

of this experiment provide information on the detailed mechanism of fire

extinguishment by CF3Br and consequently are important in guiding the search

for alternative agents.

B. BACKGROUND

In Phase II of this project, an experimental approach to the study of

the initial fire suppression reactions of halons was verified and

preliminary experiments were conducted. The verification consisted of

laboratory evaluations of laser Raman spectroscopy, matrix isolation Fourier

transform infrared spectroscopy (FTIR), and photoionization mass

spectrometry. These experiments led to the conclusion that photoionization

mass spectrometry combines the requisite analytical sensitivity with

versatility for determining the critical features of initial halon

interactions with flames. It was decided that this is the most cost-

effective and rapid technique for the c¢ontinue-d studies of reactions between

free radicals and halons.

C. SCOPE

In this phase of the project one system of a halon molecule and a flime

free radical precursor was carefully studied. On the basis of the bulb

experiments described in Phase II and the exceptional observation that no
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oxygenated products were found on photolysis of mixtures of CF2BrCI plus 02

or NO it was judged wise to use a halon plus 02 sample for this study.

Past experience of 02 complexes with ,6H6 and C6F 6 has shown that

dissociative photoionization results in substantial production of the

oxygenated fragment ions C6 H 60 and C6F6O+ . Even in the very weakly bound

cluster 02.Ar it is possible to produce an oxygenated ion, ArO+. If no

oxygenated ions are formed on dissociative photoionization of halon plus 02

complexes, this result has important fire extinguishment mechanistic

implications. As an experimental consideration, the halon CF3Br (Halon

1301) was used with 02 to form the weakly bound complex to be studied. The

result is a simpler mass spectrum, by virtue of fewer isotopes, than a halon

containing two bromine atoms or a bromine and a chlorine atom.

D. TECHNICAL APPROACH

The experimental protocol followed for the Phase III study was:

1. Preparation of CF3Br and 02 mixtures in various proportions in 4L

stainless steel cylinders.

2. A study of the pressure dependence of the mass spectrum of these

mixtures when expanded through a supersonic nozzle and ionized by

584 A (21.22 ev) light from a He I discharge lamp using the UNM

apparatus, and by 700 A light at the National Synchrotron Light

Source at Brookhaven National Laboratory.

3. Analysis of these data by solution of a set.of simultaneous

equations to give the conditions under which the heterodimer

clusters, CF3Br°O 2, are predominant.

1i

4. Design and construction of an ion kinetic energy analyzer for the

quadrupole mass spectrometer.

5. A complete study of the optimized CF3Br + 02 mixture by

dissociative photoionization using the tunable vacuum ultraviolet

2



(VUV) light source, a 750 MeV synchrotron, at Brookhaven National

Labcratory.

6. Analysis of the results and recommendations for future work.

3



SECTION II

EXPERIMENTAL

Two separate pieces of equipment were used. One was the molecular

beam apparatus at the University of New Mexico and the other was the

Brookhaven National Laboratory molecular beam apparatus used in conjunction

with the VUV synchrotron ring at the National Synchrotron Light Source.

A. THE UNM APPARATUS

The apparatus used consists of a moderate resolution magnetic

sector mass spectrometer that has been modified to include a supersonic

molecular beam sampling system and a photon ionization source. Figures 1

and 2 illustrate the various elements in the experimental design.

A molecular bean is obtained by expanding a gas through a 0.00-

inch diameter nozzle at stagnation pressures of up to 2000 torr. The nozzle

exhaust chamber is pumped by two 4-inch ring jet booster pumps which

maintain a vacuum of approximately 10 .3 torr. The high intensity central

portion of the expansion is extracted with a 0.018-inch diameter conical

skimmer into a second differential pumping region. This chamber is pumped

by a 4-inch diffusion pump to a pressure of less than 10 5 torr. The

expansion is further collimated by a 0.040-inch conical skimmer before

entering the ionization chamber. Provision is made to flag the beam. A

liquid nitrogen-cooled surface is used to trap those molecules that escape

ionization. The main chamber pressure is maintained at less than 3 x 10' 7

torr when the beam is running. On the basis of electron impact measurements

on several compounds, beam densities are estimated to be between 1 x 1012

012
and 3 x 1 molecules/cc in the ionization region.
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To LN 2 Beam Trap

Electrostatic Quadrupole

Ion Box

To Mass
u 1IAnalyzer

P3 10-7 torr Unfr

Aeetcceleration 2Region

3

4 5 -

]6
: 7

PI W' -10"5 torr P
10- 3 tort t8 P2-10

Gas Inlet

(1) ion box at +10kV (see text), (2) 12 x 10 M91to provide uniform acceleration of ions over 10

kV, (3) tuning fork chopper, (4) secondary skimmer, (5) electromagnetic beam flag, (6)

primary skimmer and skimmer support, (7) nozzle, (8) nozzle support and bevel gears for

nozzle advance, (9) nozzle exhaust chamber, (10) second differential pumping chamber; (PI)

575 liters/sec (see text), (P2) 700 liters/sec (see text) (P3) 1400 litersi'sec 6" diffusion pump.

Figure 1. Nozzle Beam Sampfing and Ion Source.
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16 13

122

P4

(A) light source-monochromator system, (B) ionization chamber, (C) mass analyzer and

detector; (1) McPherson Model 630 D.C. capillary discharge lamp, (2) monochromator en!:ance

slit, (3) first diffe.ential pumping chamber, (4) second differential pumping chamber, (5) 1/2-

meter Seya-Namioka vacuum ultraviolet monochromator, (6) grating, (7) monochromator exit

slit, (8) grazing incidence alignment mirror, (9) micrometer for mirror adjustment, (10) molecular

beam crosses photon beam at right angles, (11) ion box, (12) photomultiplier tube, (13) sodium

salicylate coated window, (14) uniform acceleration region, (15) electrostatic quadrupl le, (16)

mass spectrometer entrance slit, (17) drift tube, (18) 60"-sector electromagnet, (19) mass

spectrometer exit slit, (20) electron multiplier; (P1) 47 liters/sec Roots blower, (P2) 700

liters/sec 4" diffusion pump, (P4) 700 liters/sec 6" diffusion pump, (P5) 700 liters/sec 4"

diffusion pump.

Figure 2. Schematic Diagram of Pholoionization Mas Spectrometer.
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In the present work, large (4L) stainless steel bottles of

premixed CF3Br and 02 were prepared in ratios of 0.5:99.5, 1:99, and 5:95

(CF3Br:0 2). The stagnation pressures vatied between 100 and 1800 torr.

Mass spectra were recorded by manually tuning the magnet to the appropriate

field strength.

The He I line at 584 A (21.2 ev, arising from the P to S

electronic transition) produced by a McPherson Model 630 D.C. capillary

discharge lamp was used as a photon source. A long, notched 3-mm bore

capillary was used as a light pipe to direct the VUV photons to intersect

the molecular beam. This allowed windowless operation, provided there was

strong differential pumping at the notch. A homebuilt photodiode was v.scd

to monitor the intensity of the photodiode helium lamp. The output was

measured by a picoammeter. Signals were typically one to two orders of

magnitude higher than the dark current.

The ionizer consists of a gold-plated stainless steel box that

contains entrance and exit ports for the ultr-iolet light, a filament-

collector arrangement to provide electron bombcrdment capability, and an

inner surface to which a small repelling voltage (+0-20 V) may be applied.

Extracted positive ions were uniformly accelerated by a +10 kV potential

into a pair of quadrupole lenses (References I and 2), which focused the

ions into a line image at the mass spectrometer entrance slit.

Mass analysis was accomplished by a 600-sector electromagnet with

a 17.750-inch radius of curvature. The kirift tube entrance and exit slits

were opened wide enough to maximize ion transm-.sst:i whil6 maintaining

sufficient resolution to separate I amu in 300 cleanly. Conventional pulse

counting techniques were used for ion detectio-. The pressure in the drift
-7

tube and detection chamber was maintained at less than 2 x 10 tort.

The 1hotoionization efficiency was determined by the ratio of ion

signal to photon signal as a function of wavelength. The lamp intensity

7



roniained stable to ±2 percent at each point. For the situation in which a

mionochromator vas used, known hydrogen atom and molecule emission lines were

Aised for wavelength calibration (References 3 and 4).

Background corrections were found -' be quite small. With the

Molecular beam flagged, the ion cournti 1 'g ba' ik-, -3 rate was about 0.02-0.1

count/sec. Thus, reproducible ion sigialP . - ".'. 05 count/sec were

detectable. Since a holographically recoro d~ _izaction grating wan used,

-,tray light levels were substantially reduced Under high-resoluLion

conditions, it was possible to reproduce the p,.ctrum given by Samson

(Reference 4) in sz'bstantial detail.

B. THE BROOKHAVEN APPARATUS

The Brookhav-ri experiments were conducted at the 75041eV electron

stora~ge ring of the N'ational Synchrotron Light rVoaurce at Br:ookhaven National

.aboratorv. The apparatus has already been descrihed in (Reference 5);

however, Ccrtain dectails pertinent to the present study are amplified here.

The moleculai-beams containing clusters were rrc.ciuced by jet expanfion of

gas: through a nozzle 0.01 cm (0.004 in.) in diameter. The nozzle chamber

was evacuated by an 6000 L s- 1 d'usion pump backed by a 240 m 3h- (67- L

S_ ) Roots blower, backed in turt. by a 30 m 3h1 mechanical pumpD. At 1000

torr of nozzle pressure. the jet expansion would typically be pressures of

approximately 5 x 10'. torr. A 0.1 cm skimmer was used, the nlo7zle-skiimer

rdistance, of 0.5 to 1 cm with adjustment for maximum beam izitenisi ty The

post -nkimmer collimator was 0.3 cin in diameter and was evacuated bv a 500 1,

I, urbomo[cu r u Under "he above condi ti ons thle pressure in- thi s

rt~gi on is L ypically 2 x10- torr . The mol ecular bt.mmI :iltersected thle

i or:,~z ing phiot ons !in an inuteract ion charnb'w -it a poin 11 ,i c fromn thle ozl

anc ill 01c opt imal i ()n-exf ract iecm rogtioni Of a1 1 ens 'v'ste ciii hat focused thme

on5 on hel( Entrance a'perittre of a qjuadrumpolIe mass spectrometer equipped

with a rhanrie] fron detcctor opera( i ni inl the i on-count iA1 mtode. Thle

ititIc racLi on chamibe'r andi~ bfe;Imfl ptlmj)('1* IM~ d by tWo turbcio 1..cular p' Il'ips

w i th a comfb inedQ pupUfPinrg speed1 of /00 1.~ plus a I) K hlIium re frige ralor

8



trap into which the molecular beam was directed. Interaction chamber

pressures were approximately 2 x 10 torr under the above conditions.

lonizing photons of ravelengtb 584 A (21.2 eV) were employed almost

exclusively for the studies described here, to allow direct comparison with

work done off-line using the He I line produced by conventional laboratory

lamps. This photon energy is high enough to ionize anythini of interest for

the present work and provide the high threshold fragment ions F+ required in

the analysis. The gas mixtures supplied to the nozzle were accuro,-.ely mixcd

off-line and stored in large stainless steel tanks at pressures low enough

to avoid ondensation. For mixtures of gas plus the vapor of a liquid, the

gas was buI bled thiough seve"xil centimeters of the liquid 'rom ain irjersed

frit, keeping a constant head pressure maintained by a hai i-operated needle

valve and monitored by a capacitance manometer. The nozzli pressure itself

could be accurately controlled electronically to ±1 torr via a capacitance

maLtometer and a servomotor drive valve system.

For calibration of the mass spectrometer plus detector system for

the mass dependence of the detection efficiency, a 1:1 mixture of CO2 and

SF6 was expanded at a nozzle pressure of only 100 torr to avoid

fractionation and clustering ects, and the relative intensities of the

ions CO 2+ SF + and SF + wer easured. These intensities wore compared

with the published cross sect: is (References 6 and 7) to provide relative

efficiencies up to niass 127. Efficiencies between masses 25 and 43 ,C.re

estimated via plausible extensions of the efficiency curves. Appro:imate

efficiencies at masses 156 and 234 were obtained from benzene cluster ions.

First, evidence is presented for the two important phenomena

exploitel in the analytical method described above. These phenomena are (a)

the tendency for dissociativ( icniL:a- ion of clusters to make monomer parent

ions with higher probability than monomer fragment ions and (b) the

practicability of measuring th, ratio of coefficients 6/a. Delta (6) is the

probability that ionization of the dimer produces the dimer ion, and c is

the probability that ionization of the dimer produces the monomer ion.

9



BEAM ANALYSIS

The work described here has been published (Reference 8). The

technique of synthesizing weakly bound dimers and larger clusters in jet

expansions is in widespread use. This method is quite general and simple to

implement (References 9 and 10), but normally results in an array of cluster

si::es. Accurate analysis of the resulting cluster distributions is often a

significant problem. If a high-energy e. ,ctron impact or photoionization

mass spectrometer is used for analysis, extensive fragmentation of the

clusters into smaller cluster ions and the monomer ion almost always occurs

(for recent dis:ussions, see References 11-15), so that qu.;,titative

analysis by this means alone has not yet provet practicable. However, if

one wishes to carry out observations on one particular neutral cluster

(e.g., a diwer) it may be important :o maximize the beam density of the

desired cluster among the products -:,,ergj.,g from the nozzle and minimize the

densities of the neighboring or othe-wise interfering clusters. It is

unfortunate that a number of workers have already published results that

should be remeasured or reinterpreted due to the difficilty in establishi-.g

exactly which species is being studied in a jet expans:an.

It would be very convenient to be able to effect the necessary

optih zation with respect to a given cluster utilizing only a mass

spectromcter because it is a familiar instrument that is usuaUlv available.

,indecd, van Diours(.n and Reuss published a useful algoilthm for estimation of

r-e conditions for the preparation of dimer beam!, essentially free of

Lnterlercnce from trimers and larger clusters, which they obtained from the

:st t-y of expansions of unmixed simple gases, viz. i 2 Ne, N2 Ar, and CO

(Ref:!rence 16). Their prescript ion, though convenient. is too limited for

application to the ploblems in which we are most interested: it does hot

lotcat- the nozzle pressure at which the dimer beim density is at its

miavimum, and it. does not treat expan:;ions of gas mixt,,res. Also, their

etho- gi,.s a generalized (s I imate. which is of ten not accurate enough lot

tie .s.,.udy c, specific '°yst ems. Whw, follows in this section is a partial

but useful solution to this vexing problem, specifically the optimization of

10



jet expansions of mixed gases for the investigation of weak dimers with

minimization of interference by trimers and larger clusters, that we have

developed in the course of a series of photoionization studies of weakly

bound dimers (References 17-19).

The method is first described for the expansion of a pure gas, then

generalized to mixtures.

It is assumed that the jet expansion of the polyatomic gas A produces

the clusters A2, A3, A4' and so on, according to well-established behavior.

As the pressure of the expanding gas (the nozzle pressure) increases from

low values, the density of A2 in the expansion products first rises and

becomes the most prominent cluster, goes through a maximum, and then falls,

while the density of A3 rises and becomes dominant. The A3 maximizes and

then falls as the density of A4 rises in its turn, and so on. It is also

assumed that the mass spectrometric analysis of these species in a molecular

beam collimated from the expansion and crossed by an electron or photon beam

is carried out at a fixed high electron or ionizing photon energy level to

produce the ions A+ , A2 A3 and so on, plus various ion fragments. The
goal of the analysis is only to obtain the nozzle pressure dependence of the

beam densities of the neutral dimer, and of the neutral trimer around the

maximum of the dimer, For this analysis the intensities of the ions A+ .
+ +

A2 , and A3 are to be m-easured, for a given nozzle and temperature. from

low nozzle pressures up to the pressure at which the intensity of A3+

maximizes, above which pressure neutral clusters larger than trimers are

significant (for simplicity we ignore the ion fragments here. but discuss

their role further on.)

Let [A+ c be the observed (uncorrcted) intensity of monomer ions A

produced only from the dissociative ionization of clusters (obtained from

the total At intensity by subtraction of the A# intensity due to only the

ionization of monomer A), let [A2 ' ] he the observed intensity of dimer ions
+ A

A , and let [A. be the observed intensity of trimer ions A The beam
2'A

number densities of the neut.ral dimer. pd' and trimer, 1) are related to

[I



the observed ion intensities via the following expressions, neglecting

tetramers and larger clusters where i is the intensity of the photon

[A+]c fmad pd I + f matpt21 (1)

[A2
+ - fd6adPd I + fdcc tP t (2)

[A 3+ = f t770t Pt X1 (3)

(or electron) crossing beam, assumed to be smaller in diameter than the

molecular beam; 2 is the effective path length of the photons or electrons

through the molecular beam; the electrons or photons are assumed to be

negligibly attenuated; ad and at are the total ionization cross sections of

the dimers and trimers, respectively; a is the probability that the

ionization of the diiner produces the monomer ion; P is the probability that

the ionization of the trimer produces the monomer ion; 8 and e are the

probabilities that the dimer ion is produced by ionization of dimer and

trimer, respectively; n is the probability that Lne ionization of the trimer

produces the trimer ion; and fm, f and f are the respective probabilities
m' d' t:

that the mass spectrohmeter detects the monomer, dimer, and trimer ions.

These expressions may be simplified via the substitutions

M [A+] c, D - (fm/fd)[A2 T - (fm/f t)[A 3+  (4)

d = (mC2 1 )adpd (5)

t (f m1)a tPt (6)

to give

M ad + fit (7)

D Sd I C (8)

1 2



T = yt (9)

Note that the coefficients are so defined that

1+ 6 - (10)

f+ + n = 1 (11)

Equations (5) and (6) define new quantities d and t proportional to the beam

densities pd and pt the common instrumental factors being collected inside

the parentheses, because we are interested only in the functional shape of

the dependence of the dimer and trimer beam densities on nozzle pressure. In

other words, only thte relative beam densities are needed. Equation (4)

describes the correction of the observed ion intensities for the mass

dependence of the detector efficiency, normalized to the efficiency for

detecting monomer ions; corrections to the detector efficiency for ions born

with high translational energies are neglected.,

As a first step it the solution of Equations (7)-(11) we see that

extrapolation of experi.nentally determined values of D/M to low nozzle

pressures P such that t<<d allows the determination of 6/a via

lim (D/M) - (D/M)° - 6/a (12)

P-0

Thus, from Equations (10) and (12)

= [1 4 (D/M)O1 (13)

b (D/M) [1 + (D/M)O (14)

Data at a single additional pressure are insufficient to determine all

seven unknown quantities (i.e. , d and ( at that pressure plus the five

coefficients) because there are only six equa( ions. Data at two pressures

are sufficient.. however, since this provides nine equations to be sol ved for

A



uiue unknowns, namely values of d and t at each pressure plus the five

Cefficients. Most of these equations are nonlinear with respect to the

,uknowns, so that attempts at a direct analytical solution only lead to

intractable expressions. To circumvent this problem, the fact is exploited

that normally d will maximize at some (unknown) nozzle pressure, so that for

,he value of d at some arbitrary pressure not too far above the maximum, a

pressure below the maximum can be found for which d is the same, i.e., such

that dI = d2 where subscript 1 means the lower pressure and subscript 2

means the higher. For such a pair of pressures it is easily shown from

Equations (7)-(9) that

6/a = (T2 DI - TID 2)/(T 2M I - T1M2 ) (15)

Reasonable estimates of the nozzle pressure at which d is at its maximum

will guide the choice of candidate pairs of pre.:sures from which trial

values of 6/a can be calculated from Equation (15) for comparison with the

experimental value from Equation (12). Three pressure pairs should 3e

chosen as close together as possible, but not too close because of Zhe

limited experimental accuracy. Once one or more pairs of pressures are

found by trial-and-error for which 6/a from Equation (15) agrees with 6/0

from Equation (12), the remaining three coefficients can be evaluated via

the following expressions, where Z - (M2 - MI) + (D2 - DI) + (T2 - TI)-

S=(M42  M I)/Z ( 6

= (D2  D)/Z i? \

j7 (T2 T /Y

Equationn (16)-(18) are easily deri')ed from Equations (7-(9) and (11) for

the condiit ion d I d2

14



With all five coefficients known, Equations (7) and (8) become two

linear equations with two unknowns at any given nozzle pressure, so d and t

can be evaluated point-by-point.

d = (PD - cM)/(p6 - ac) (19)

t = (6M - aD)/(P6 - ae) (20)

Of course as the pressure rises until tetrameis and larger clusters become

important this method must fail. In practice such pressures are indicated

by evaluation of Equation (9), where T becomes inaccurately predicted by nt,

and by the behavior of d, which becomes unreasonably small or negative. It

is to be expected that the latter inaccuracy will often cause the calculated

nozzle pressure for maximum d to be somewhat too low. In extreme cases it

could cause an apparent maximum where none exists.

We are now in a position to consider the problem of most interest to

us, namely, product heterodimer optimization in expansions of binary

mixtures. Let the mixture be comprised of gas A plus gas B, where A is the

component of lower ionization potential. The dimer products of the

expansion are then A AB, and B2, and the trimers are A3 ' A 2B, AB and B3.

The method described above is applied to this problem by generalization of

M, D, and T. Thus, M might be the sum of the intensities of monomer ions A
+

and B+, coming only from the dissociative ionization of clusters, and D

might be the sum of the intensities of all dimer ions, A2, AB and B2
where all of the component intensities are corrected for the mass dependence

of the detector efficiency in analogy with Equation (4). The three most

serious inaccuracies of this approximation are the following: (1) the

maximum in d now refers to a composite, maximum for all three dimers and will

in general occur at a somewhat different pressure than the maximum of

heterodimer AB alone; (2) the proportions of the various components in

clusters of a given size will in general change with pressure, and this will

make the coefficients a, P, 6, c, and 77 somewhat pressure-dependent and

therefore affect the calculated positions of the dimer maximum and the

shapes of the d and t functions. In addition, the proportions of the

15



i
components, and therefore the values of the coefficients a, , 6, e, and n,

will be dependent on the composition of the expanding gas; and (3) the

maximum in d, being for a composite, will in general be more broad than it

is for a single type of dimer, making it more difficult to locate and

therefore the extracted coefficients correspondingly less certain. These

problems can be partially eliminated under the following special conditions.

1. When the ionization potential of A is substantially smaller than

that of B, the contribution to M of A+ from AB is much larger than the

contribution of B+ from AB. Consequently, in the calculations of M, D, and

T we omit the contributions from B+, B + and B + in the respective

summations, in the expectation that the fragment of highest ionization

potential will always be negligible in the dissociative ionization of mixed

clusters, e.g., that the production of B+ or B2+ from AB2 will be very much

less than the production of A+ or AB+. In this way we effectively omit

clusters B2 and B3 from d and t. The resulting redefinitions of M, D, and T

are then, via generalization of Equation (4),

M = [A+ ]c (21)

D - (fA/fA2)[A2
+] + (fA/fAB)[A.B+ ]  (22)

T = A /fA3)[A 3
+ ] + (f A/fA 2B) [A2B+] + (fA/fAB 2)[AB2 

+  (23)

+.

where [i + is the uncorrected intensity of the indicated ion i , the

corresponding detection efficiency of which is given by f i

2. When the dissociation energies of the heterodimer and homodimer are

greatly different, i.e., when D(A.A)4<D(A-B) or (A.A)>>D(A.B), the more

strongly bound dimer will be formed and become optimum at much lower nozzle

pressures than the more weakly bound dimer. Similar considerations apply to

the trimers, so that if D(AA)<<D(A.B) and D(A2 .A)<<D(A2 .B) the ion A2+

comes essentially entirely from A2B at the lowest nozzle pressures at which

16



it can be seen. Under such circumstances the omission of contributions from

B+ . B2 and B3 to M, D, and T will result in the optimization of the more

strongly bound dimer almost exclusively. Thus, for example, in the

expansion of an argon-benzene mixture, the calculation will find the nozzle

pressure for the optimum beam density of (C6 H6 )2 with little or no admixture

of C6 H 6.Ar because D((C 6H 6 )2 )>D(C6H6 .Ar).

A crucial requirement of the method presented above is the availability

of the quantity, M, which must be obtained by subtraction of the monomer ion

intensity due only to the ionization of neutral monomers from the total

monomer ion intensity. The procedure is described below. In electron

impact or photon energy fragmentation, ions F+ of A are formed that require

a substantial amount of energy beyond that needed just for the production of

A+, for example, the formation of C4 H 4+ from C6 H We have observed that

such high-energy fragments as are not detectable from clusters A . Thus,n

the intensity ratio [A +]/[F + ] can be measured under conditions where there

are no clusters, eg., at low nozzle pressure

lim ([A+]/[F+]) - ([A+]/[F+]) , n > 1 (24)

[An] O

and used to evaluate M at nozzle pressure P.

[A+]c = M = [A+]- ([A+J/[F+])o[F + (25)

Here, the square brackets mean the observed intensity of the ion that they

enclose. Of course this procedure can only be applied to polyatomic gases.

However, there is a complication caused by the polyatomicity of A and

B. In general, ions larger than A+ or B other than A + or A B + aren U In

formed. Usually this does not seriously interfere with the limited

objective of locating the nozzle pressure for which the beam density of

neutral dimers is at a maximum, but complicates the determination of the

ratio d/t. To obtain d/t and to preserve the validity of Equations (10) and

17



(LI), the intensities of the fragment ions must be included in the sums for

M. D, and T. Consequently, we must further generalize the definitions of M,

D, and T for this purpose. Equations (7) and (8), our original definitions

of which confine M only to monomer ion an D only to dimer ions, also apply

to the broadened definitions of M and D because both of these quantities

include products of the ionization of the dimers plus contributions from

trimers. We are then free to apportion the intensities of the dimer ion,

its fragment monomer ion, and all of its other fragment ions to M or D in

such a w.y as to facilitate the solution we seek. In general, inspection of

the data will indicate that the intensities of some fragment ions rise more

rapidly with increasing nozzle pressure than the intensities of others,

because they are produced to a greater extent by the ionization of trimers

(and lar,-er clusters). Thus, in Equation (26) we may advantageously

redefine M as the sum of the intensities of fragment ions M+ that rise

relatively more slowly with increasing nozzle pressure, and D as the sum of

the intensities of ions D+ that rise relatively more rapidly, where each

term in the summations is appropriately corrected for detector efficiency.

In practice, we have found that with this rule the fragment monomer ion

intensity A +]c is always included in M, the dimer ion intensities always gocI
to D, and that it is usually straightforward to decide which term is more

appropriate for each fragment ion intensity. Similarly, let T be the sum of

the intensities of all ions that can come from timers or larger clusters

excluding those that are required to come from clusters larger than trimers.

This further generalization of M, D, and T, following the pattern of

Equations (4) and (22) can be written

M - Z(fA/FM)[M + ]  (26)

M

D = Z(fA/fD)[D + ]  (27)

M

T = Z(fA/fT) [T (28)
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where, as before, f. is the detector efficiency for ion i Although in

most systems that we have studied, the cluster ion spectra are dominated by
+ +

species of the form A , or A B , where the fragments are unimportant, an nm
few molecules, such as ammonia, provide conspicuous exceptions (Reference

20).

One sometimes wants to know the relative proportions of the neutral

dimers and trimers in a molecular beam. It is useful to understand how well

this information can be recovered from the values of d and t if the latter

are obtained from the generalized definitions of D and T given above. The

total ionization cross sections are contained in d and t as defined in

Equations (5) and (6). It is reasonable to expect that at the high electron

impact or photon energies at which the measurements are made the total

ionization cross section of An is approximately proportional to n;

therefore, t should be multiplied by 2/3 for its proportion to d to be a

reasonable estimate of the number density of neutral trimer clusters

relative to dimer clusters, i.e., from Equations (5) and (6)

pd/p - (ad/at)t/d = (2/3)t/d (29)

However, for mixed clusters one must not only use the relative total

ionization cross sections of A and B, but also know the relative proportions

of the different dimer and trimer species in the beam. Since the relative

proportions are not forthcoming from this method, estimates of the

proportion of mixed dimers to trimers must remain rather uncertain. As a

rough rule of thumb we compare (2/3)t with d for mixed clusters, but

recognize that the true relationship can deviate considerably from this

rule.

In summary, it should be emphasized that the above-described method of

locating the nozzle pressure that maximizes the beam density of neutral weak

dimers is only approximate. However, it serves as a guide for selection of

conditions for the easiest possible observations of the dimers consistent

with minimal interference from larger clusters. This purpose demands only
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modest accuracy. Probably the most serious source of inaccuracy for pure

gases is the truncation of the calculation at the trimers, while for mixed

gases the method suffers in addition from our neglect to consider separately

all of the different molecular combinations involved for each size cluster.

In particular, it is to be expected that often the dimer maximum will occur

at a somewhat higher nozzle pressure than is indicated by this method,

because the trimer is increasingly overestimated with increasing pressure,

causing the dimer to be underestimated. Fortunately, both inaccuracies are

such that any error in choosing the optimum experimental conditions for

dimers will cause an overestimate of the possible interference from trimers.

The prescription has proven more than adequate for the limited purpose for

which it is intended and is sufficiently straightforward that it can be

applied while the data are being taken. Most immediately, we find the

optimum nozzle conditions by matching 6/ from Equation (15) with 6/ from

Equation (12). Furthermore, it is necessary to make ancillary measurements

around this pressure to see whether a lower pressure must be used to avoid

interference from trimers. In other words, the five coefficients and d and

t themselves need never be explicitly evaluated. In fact, it is easily

shown that the shape of the d function is independent of the mass dependence

of the detector efficiency, so that this correction can be neglected if the

position of the maximum is the only information sought.
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SECTTON ill

RESULTS

To provide a context for understanding the experimental results, three

systems were studied: (a) a fuel (C6H6 ) plus 0 (b) a mild extinguishant

(C6F6 ) plus 02; and (c) Halon 1301 (CF3 Br) plus 02. Weakly bound molecular

complexes of all of these pairs were produced in supersonic nozzle

expansions, and their dissociation energies were determined. The results

are given in Table 1. The dissociation energies are all small, 2 kcal mol
1

or less, confirming the weak binding. In the case of CF 3Br, the complex

with oxygen could be formed in low concentration, but the homoclusters,

(CFBr) , n > 1, were present in surprising abundance. Interference from

these clusters was minimized by working in very dilute mixtures (195:5) of

CF 3Br in 02 and maintaining low nozzle stagnation pressures.

In both C6H6. 2 and C6F6. 02 cases, oxygenated fragments (C6H60 and

C6 F60+) could be readily observed with the mass spectrometer. An attempt

was made to prepare oxygenated fragments of CF3Br.O 2 by dissociative

photoionization. Figure 3 gi- s the mass spectrum of neat CF 3Br as seen in

a molecular beam with a nozzle pressure of 97 torr. The fragmentation

pattern is straightforward with very little parent ion CF3 Br
+ appearing at

m/e = 148,150 and fragments as follows: CF2Br+ (m/e = 129,131); Br+ (mie =

79,81); CF3
+ (m/e = 69); and CF2+ (m/e - 50). The dominant peak is due to

+

CF3  Care must be taken in comparing intensities of the peaks, however.

because the transmission efficiency of the quadrupole is a strong function

of mass number. The inset displays on an expanded scale the m/e = 160 - 230

portion of the mac;s pectrum to show the low background in this mass range.

In particular, there is some signal in the vicinity of me = 166 - 171. but

virtually none at- m/e = 180, 182.
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TABLE 1. DISSOCIATION ENERGIES OF THE WEAK 1PFLECULAR COMPLEXES
C 6H 6.02 C6 F 6 .0 CF 3Br-O 2 AND THEIR IONS.

Mixture Composition Species D0  kcal/mo? -1 0O298 kcal/mol-

C6H 6 + 02 0.3:99.7 C6H6.O 2  1.20 ± 0.45 0.5 ± 0.5

C 6H 6.0 2+ 2.86 ± 0.48

C6F 6 + 02 0.3:99.7 C6F6.O 2  2.2 ± 0.5

66 66. 0 2+  a3.3

CF3Br + 02  5:95 CF3Br.O 2  <a2

CF 3Br.O2+  >a3

Unrefined results.

The weak complex CF 3Br.O2 was prepared by expanding a 1:20 mixture of

CI: >j" il 02 through the nozzle at a pressure of 1741 torr and cooling the

no.::Ile to 1 0C. The mass spectrum obtained using 700 A light is shown in

Fl ~ute 4. Only the higher mass region. m/e = 110-250. is shown in this

!i,;c.,. Note the two sets of peaks due to ionization of the monomer CF3Br

i: ,,,o - 148. 150 (CF 3Br + ) and m/e = 129. 131 (CF2Br +). The inset gives the

,'-XI.lxu'd s;cale mass spectrum where species containing two bromine atoms can

h,."o'oti above the background (cf. Figure 3) at m/e - 180, 182 and at m/e -

'I-'I These are identified as CF3 Br.O 2
+ and (CF3)2Br

+  respectively.

Th1. latter fragment comes from a (CF 3 Br) 2 or larger cluster, which forms in
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appreciable abundance even in this dilute mixture. Although the amount of

CF 3Br.O 2 is small, the signal is sufficient to determine the ionization

potential of the complex.

Photoion yield curves through the ionization threshold region were run

for both CF3Br and CF3Br-O 2 (Figures 5-7). The curve in Figure 5 has been

analyzed to give an ionization threshold of CF3Br at 1078 A, which

corresponds to an ionization potential of 11.50 eV. The dissociation energy

of the F3C-Br bond is known to be 3.78 eV = 87.2 kcal mol . This value is

typical of carbon-bromine bond strengths in organic :olecules.

The photoion yield curves in Figures 6 and 7 have 51-.n anal..-.: o ;-"

an ionization potential for the formation of CF Br.O + fron I l 0r. o
3 2 .1

A - 11.45 eV. The decrease in ionization potential is typical ol ;,nv

observations of cluster formation; however, it is much smaller than

customarily noticed. It is not uncommon to observe ionization potential_

decreases of 0.5 - 0.7 eV in contrast to the change of 0.05 eV seen here.

This dramatic observation suggests unusual bonding properties in the

CF 3Br.O2+ cation. Combining the ionization potentials of CF 3Br and CF B".0.)

with th- measured disociation energy of #he weak complex CF3Br.O2' we

estimate a bond dissociation energy, CF +Br-O2 , in the ion of approximatoly
-a 3 2e

3 kcal mol (Table 1). This bond strength is very similar to cation bond

++strengths in C 6 H 6.0 2and C 6F 6.0 2+'The result suggests that one or more of

the bonds in CF 3Br are unusual. Therefore, the appearance potential of

CF from CF3 Br was measured by dissociative photoionization of a molecu.r

beam of CF 3Br + 0 The results are shown in Figure 8.

By applying second order corrections to the curve in Figure 8. an

app-arance potential of 1033 A - 12.0 eV for CF3 from CF3Br has been

d-t,.rmined. This result can be combined with the ionization potential of

1-.,ir (11.50 eV) to give a bond strength of the C-Br bond in F3C -Br of

1 ? kcal mol This is an extremely weak bond and can not inolve
bond in the sense of electron shring betwe CF and Br.
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M!

It is characteristic of an ion-induced dipole interaction between thc-(

species. It appears that this weak bond is the basis for the very smi,

shift in ionization potential in CF 3Br.O 2

The thermodynamic information for the species in the CF 3 Br system is

collected in the energy diagram shown in Figure 9.

A careful and detailed search of the mass spectrum for oxygenated

fragments of CF 3Br.O 2 prepared by dissociative photoionization was

conducted. It was discussed earlier that oxygenated fragments were observed

in the C6 H6. 2 and C F 6,0 systems. Figure 10 shows the mass spectra for

the regions in which CF30 (m/e = 85), CF2BrO
+ (m/e - 145, 147), and CF 3 BrO+

(i,/e = 164, 166) would be expected to appear. As can be seen, no distinct

peaks can be observed in the in/e = 83-87 or 143-149 regions. The signal

here is background only. Note that the characteristic set of two peaks due

to the bromine isotopes is completely absent in the m/e - 143-149 segment.

The situation is somewhat less clear at m/e = 145, 147 because this region

is -ocated in the low mass wing of the CF3 Br
+ parent ion at m/e - 148, 150.

Nevertheless, no feature resembling the doublet expected for the two bromine

isotopes appears at the appropriate masses. Although this study was

repeated several times at different compositions and nozzle pressures, no

oxygenated fragments of CF 3Br-O 2 dissociative photoionization were detected.3 02

3,0 J
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Figure 9. Energy Diagram for the Neutral and Ionic Species in the CF3Br System.
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SECTION IV

CONCLUSIONS

The weakly bound molecular complex between Halon 1301 (CF3Br) and U2

has been studied by photoionizatiori mass spectro r-.t---emolecular beam.

Ionization and appearance potentials for many of the species in this binary

system have been determined. The most striking result-iTs the inability to

detect oxygenated fragments of dissociative photoionization of the complex

CF 3Br.O 2 This is doubtless because of the fragility of CF3 Br for which3 -i'

the CF3 +-Br bond strength was measured to be only 12 kcal mol . These

results are so extraordinary that they yield a number of implications for

the role of CF3Br in fire extinguishment.

1. A reevaluation of the canonical mechanism for interaction of CF 3Br

with flame free radicals may be necessary. The results suggest

that CF3Br may not serve as a trap for the O-atoms in a flame.

Perhaps a supplementary oxygen atom trapping agent could be found

to enhance the fire extinguishment properties of a halon or halon

replacement,

2. The extremely weak C-Br bond in CF3Br
+ suggests that Br atoms

enter the flame via the ion CF 3Br+ and not from CF 3Br itself. If

this is substantiated, the door to many possible alternate agents

is opened.

3. The role of the CF3 portion of the halon may be more significant

than previously suspected. It may not simply be a spectator in

the proce;s of free radical trapping agent release but a

critically active participant.

4. If Br does serve the role of a flame free radical trapping agent,

the radical trapped must be H or 011. The evidence presented here

shows that Br does not react well with 0.
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SECTION V

RECOMMENDATIONS FOR FUTURE WORK

The results of this study focused attention on the interaction between

Halon 1301 (CF3Br) and the flame free radical 0 as generated from the ctabie

diatomic precursor, 0 Very significant results were obtained. Future

work should direct attention to the two other members of the triad of flame

free radicals, H and OH. Some further work with an alternative source of 0

may prove useful. Therefore, it is recommended that the dissociative

photoionization approach to weakly bound clusters of Halon 1301 and flame

free radical precursors be extended to H and OH precursors. Likely

candidates for study are HCI or HBr as H atom precursors and H 20 as an OH

radical precursor. An alternate source of 0 atoms is NO2 . The complex of

NO2 with CF3Br should also be studied.

These results should provide a reasonably good picture of the early

chemistry of halon-flame interaction and therefore may be expected to give a

solid basis for suggesting alternate agents.
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